The effects of staphylococcal enterotoxins A, B, and C2 (SEA, SEB, and SEC2) on the resistance of mice to microbial infections were studied. SEA stimulated the resistapice strongly, whereas SEB and SEC2 had no such effect. Treatment with SEA increased the number of peripheral blood polymorphonuclear leukocytes significantly within 4 h, and these polymorphonuclear leukocytes exhibited a higher chemiluminescence response than those of the controls. Furthermore, a significant increase in spleen weight was also observed in mice treated with SEA, and histologically that increase was characterized by a proliferation of lymphoblast-like cells which were stained with antibody to mouse Thy-1 but not with antibody to mouse immunoglobulin G by indirect immunofluorescence. As expected from the above findings, the treatment of nude mice (nulnu) with SEA failed to protect them against Escherichia coli infections, whereas treatment of heterozygous (nul+) controls afforded such protection. This was in part supported by the fact that the chemiluminescence response of peripheral blood polymorphonuclear leukocytes was increased significantly by treatment with SEA in nul+ mice but not in nu/nu mice.
It is known that some strains of staphylococci produce several antigenically distinct toxins (types A, B, C1, C2, D, and E) which cause severe food poisoning in humans (1) . The most common clinical manifestations of staphylococcal food poisoning are diarrhea and emesis (1) . These toxins also elicit a variety of biological activities, including a mitogenic activity response to T lymphocytes (7, 11, 12) , induction of interferon (7) , and inhibition of the primary in vitro plaqueforming cell response of mouse spleen cells (12) . Also, some of them modulate the biological response to endotoxin (lipopolysaccharide [LPS] of gram-negative bacteria), such as sensitization of mice and rabbits to the lethal effect of LPS (5, 15) . These findings suggested that some of the enterotoxins may modulate the host defense to microbial infections. The present paper deals with the protective effects of a few staphylococcal enterotoxins (A, B, and C2) on the resistance of mice to infections with various microorganisms and with the possible mechanisms of this resistance.
MATERIALS AND METHODS Enterotoxins. Purified samples of staphylococcal enterotoxins A, B, and C2 (SEA, SEB, and SEC2) prepared by the methods of Oda (8) were kindly donated by H. Igarashi, Department of Microbiology, Tokyo Metropolitan Research Laboratory of Public Health, Tokyo, Japan. They were dissolved in nonpyrogenic physiological saline at a concentration of 100 p.g/ml, and 1.0-ml samples were stored in plastic test tubes at -80°C until use.
Animals. Outbred male mice (strain STD-ddY), congenitally athymic nude mice (BALB/c, nulnu), and heterozygous mice (BALB/c, nu/+) were obtained from Shizuoka Agricultural Cooperative for Laboratory Animals, Hamamatsu, Japan. After a 1-week quarantine for infectious disorders, they were moved to an exclusive laboratory and given drinking water and food ad libitum, the nude mice being given autoclaved water and gamma-irradiated food (CMF; Oriental Yeast Co., Ltd., Chiba, Japan).
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Microorganisms. Escherichia coli E77156, Staphylococcus aureus E46, Klebsiella pneumoniae 3167, Pseudomonas aeruginosa PI-III, Serratia marcescens 13001, Salmonella typhimurium W118-2, and Candida albicans D12 maintained in our laboratory were used. Each bacterial strain was cultivated overnight in Trypto-soy broth (Eiken Chemicals Co., Ltd., Tokyo, Japan) at 37°C. C. albicans D12 was subcultured overnight on Candida GS agar (Eiken Chemicals Co., Ltd.,) plates at 37°C, and the fresh cultures were harvested and suspended in 5% (wt/vol) glucose solution. Adequate dilutions of the above bacterial broth cultures and fungal suspensions with the broth and glucose solution, respectively, were used as inocula. The number of microorganisms was measured by the pour plate method and expressed in CFU.
Protection test. The protection test was performed as previously described (9) . Mice were injected subcutaneously with 0.2 ml of a sample of one of the enterotoxins (0.01 to 10 ,ug per mouse) or with nonpyrogenic physiological saline (control). The animals were challenged 24 h later with the minimum lethal dose (MLD) of one of the microorganisms used, which had been measured in lethality tests of each bacterial and fungal strain. The effects of the enterotoxins were represented as the percentages of mice that survived during the observation period (2 or 7 days). The significance of results was tested according to the adjusted chi-square method.
Blood test. Groups of five animals treated with or without SEA were sacrificed at several time intervals, and ca. 300 ,ul of blood was withdrawn from the retro-orbital plexus by using capillary tubes containing 3 U of heparin. Samples of 100 ,u1 of the heparinized blood were mixed with 400 RI1 of Hanks balanced salt solution (Nissui Seiyaku Co., Ltd., Tokyo, Japan) in the chemiluminescence (CL) assay tubes, and the tubes were stored at 4°C until they were subjected to the luminol-dependent CL test. On the remaining samples of blood, differential and total counts of leukocytes were made.
CL test. The luminol-dependent CL response of polymorphonuclear leukocytes (PMNs) was measured by using a sensitive photometer, Biolumat model LB9500 (Berthold Co., Wildbad, Federal Republic of Germany). Luminol, purchased from Tokyo Kasei Organic Chemicals Inc., Tokyo, Japan, was suspended in triethylamine (4 ,ll/ml) solution at a concentration of 1 mg/ml. The suspension was then sonicated, and its filtrate, obtained through a 0.45-pm Millipore filter, was stored at 4°C in the dark. According to the approach of Kato et al. (6) , the CL response of peripheral blood PMNs was estimated as that of peripheral whole blood samples. The blood samples mentioned above were put in an optical unit after being mixed with 10 ,ul of luminol (1 mg/ml), and the background CL was recorded. Five minutes later, 100 ptl of phorbol mylistase acetate (Sigma Chemical Co., St. Louis, Mo.) (5 jig/ml) was added to the test tube, and the CL response was recorded continuously on the chart paper. The intensity of the response was represented in peak counts per minute, and that of an individual cell was expressed as the CL index, calculated by following formula: CL index = (peak counts per minute/no. of PMNs per mm3).
Furthermore, the direct effect of SEA on the CL response of isolated PMNs from the peripheral blood and peritoneal exudates of mice not given SEA was examined according to virtually the same method.
Preparation of PMNs. Mouse peritoneal PMNs were elicited by the intraperitoneal injection of 1 ml of 0.2% sodium caseinate (Tokyo Kasei Organic Chemicals, Inc.). Three hours after injection, peritoneal exudates were collected with 2 ml of phosphate-buffered saline containing 5 U of heparin per ml. These cells were washed, resuspended in Eagle minimum essential medium (Nissui Seiyaku Co., Ltd.), and adjusted to 106 cells per ml. The cell suspension was poured into plastic CL assay tubes, and the tubes were incubated at 37°C for 1 h. Then, the medium was replaced with fresh minimal essential mnedium supplemented with 10% fetal calf serum after the nonadhering cells had been rinsed out with phosphate-buffered saline. More than 90% of the cells collected were PMNs, as determined by May-Giemsa staining. Blood PMNs were harvested as follows. The heparinized blood samples derived from the axillary artery of mice were diluted to 1/2 with phosphate-buffered saline, and 4 ml of the dilution was gently layered on 3 ml of the mouse-lymphocyte separation medium, Mouse-Sodium Metrizoate Ficoll (Japan Immuno-research Laboratories, Takasaki, Japan). After centrifugation of the samples at 1,200 x g for 30 min at 20°C, the layer between the fractions of lymphocytes and erythrocytes was collected and diluted with 10 volumes of phosphate-buffered saline. Then, the PMN samples were centrifuged at 240 x g for 10 min at 4°C, and the sediment was resuspended in minimal essential medium to the cell density of 2.5 x 105 cells per ml. More than 95% of the cells collected were PMNs, as determined by May-Giemsa staining.
Histological test. To observe the histological changes in the spleens of mice treated with SEA, spleen samples from mice with or without SEA treatment were fixed with 10% phosphate-buffered Formalin and embedded in paraffin by the routine procedure, and the tissue sections were stained with hematoxylin and eosin. Furthermore, immediately after sampling, some of the same spleen samples were embedded in OCT compound (Lab-Tek Products, Naperville, Ill.), and frozen in cold n-hexane. The frozen samples were sliced in a cryostat at -20°C, and the sections were incubated either with antibody to mouse Thy-1 (Cedarlane Laboratories, Ltd., Ontario, Canada) or with antibody to mouse immunoglobulin G (Fab fraction) (Fuji Zoki Seiyaku, Tokyo, Japan). Then the sections were incubated with fluorescein isothiocyanate-conjugated anti-rabbit immunoglobulin G (goat) (Fuji Zoki Seiyaku) as the secondary antibody. The sections were observed by fluorescent microscopy. RESULTS Protective effect on bacterial infections. A comparison was made of the protective effects of SEA, SEB, and SEC2 against E. coli infections in mice. Groups of 20 STD-ddY mice were treated subcutaneously with a single dose of one of the enterotoxins 24 h before subcutaneous challenge with E. coli. Of the three types of enterotoxins tested, SEA was the most effective: 90 to 95% of mice receiving 1 to 10 p.g per mouse of SEA survived the infection, although 80% of the control mice died ( Table 1 ). The minimal dose of SEA necessary to stimulate resistance to infection was 0.1 ,ug per mouse. The other two enterotoxins, SEB and SEC2, were not effective at all: no dose-related response in the survival rate of mice was observed. To determine the optimal timing of SEA treatment, mice were challenged with a lethal dose of E. coli at various intervals before or after SEA treatment. As shown in Table 2 , the protective effect of SEA was dependent on the timing of its administration. The treatment 1 day before infection was the most effective, followed by that on days 3 and 5 before infection. The treatment 4 h before infection was also effective, but not that after infection.
On the basis of the above results, the stimulative effect of SEA on the resistance of mice to other bacterial or fungal infections was tested. Infection with each of the bacterial strains and with C. albicans was achieved by intraperitoneal Figure 1 shows the percent survival of mice challenged with Staphylococcus aureus, Salmonella typhimurium, P. aeruginosa, K. pneumoniae, Serratia marcescens, and C. albicans. Almost the same protective effect of SEA as that found in the subcutaneous infection with E. coli was observed.
Response of peripheral blood leukocytes in mice to SEA. The changes of the number of peripheral blood leukocytes of mice treated with SEA and subsequently infected subcutaneously with E. coli were examined. Blood samples were removed from groups of five mice just before and at various times after treatment with SEA. Figure 2 presents the number of peripheral blood leukocytes on each occasion. By 4 h after SEA treatment, an extensive decrease in the total number of leukocytes was observed, and by 24 h later it had gradually recovered to the control level. This was in part attributed to the significant decrease in lymphocyte counts. On the other hand, the number of neutrophils (PMNs) increased significantly 4 h after SEA injection, and the level was maintained continuously by 24 h after injection.
After E. coli challenge, the number of PMNs decreased rapidly and remained at a low level. No significant difference in the peripheral blood leukocyte counts of SEA-treated and control mice was found.
At the same time, the capacity of peripheral blood PMNs to generate oxygen radicals was estimated as the CL response of whole blood (Fig. 3) . This response was significantly enhanced at 8 h after SEA treatment, and a level higher than in the controls was retained throughout the experiment. of individual PMNs (CL index) was documented only after infection. During the first 24 h after SEA treatment, both CL response and PMN counts were higher than those of the controls. After infection, the higher level of CL response was retained, although a rapid decrease in PMN counts was observed even in the mice with SEA. The results indicate that the capacity of individual PMNs to generate oxygen radicals of mice treated with SEA was stimulated more intensively by bacterial infection than that of control mice.
In vitro direct effect of SEA on the CL response of PMNs. The direct effect of SEA on the CL response of PMNs to stimulation with phorbol mylistate acetate was examined in vitro. Since most of the enterotoxin administered to monkeys is removed from the plasma during the first hour (3), the exposure of PMN preparations to SEA was limited to 4 h. Table 3 shows the effect of various concentrations of SEA on the CL response of PMNs isolated from peripheral blood and peritoneal exudates. No increase in CL response was observed at any dose of SEA tested, which suggested that SEA did not directly stimulate the CL response of PMNs.
Effect of SEA on spleen weight and its cellularity. As a severe lymphopenia was induced by treatment with SEA, the lymphatic response in the spleen was examined. By 4 h after SEA treatment, a significant increase in the spleen weight was noted compared with the controls (Table 4) . The spleen weight in mice with SEA continued to increase with time even after E. coli challenge. In mice without bacterial challenge, similar splenic response to SEA was observed; the weight of spleen reached the maximum 48 h after treatment and then gradually decreased to the basal levels by 72 h after treatment (data not shown). Histologically, enlargement of the white pulp was noticed under low magnification (Fig. 4a) . A number of lymphoblast-like cells, with a large nucleus with two to three nucleoli and a dense chromatin network, were observed in the periarterial lymph sheath. As time passed, these cells became very dominant, with frequent mitotic figures (Fig. 4c) . By immunofluores- cence the surface of these cells was stained with anti-mouse Thy-1 but not with anti-mouse immunoglobulin G (Fig. 4d) , and this indicated that these cells were T lymphocytes. Effect of SEA on resistance of nude mice to infection. To clarify the involvement of T lymphocytes in the host defense stimulated by SEA, the protective effect of SEA on E. coli infections was examined in athymic nude mice (nulnu) and compared with that in heterozygous (nul+; control) mice. Twenty-four hours after SEA treatment, nulnu and nul+ mice were challenged with 2.50 x 107 and 1.00 x 107 CFU of E. coli, respectively, per mouse (MLD). As reported previously by Parant et al. (10) , the MLD of E. coli for nulnu mice was larger than that for nul+ mice. In the heterozygous controls, treatment with SEA successfully protected the animals against the infection (Fig. 5) , and treatment with 10 ,ug of SEA per mouse completed the protection. In contrast, no protective efficacy was found in nude mice, even though 10 ,ug of SEA per mouse was injected.
In addition, the CL response of peripheral blood PMNs was compared in the two mouse groups. The blood samples were removed 36 h after SEA treatment, corresponding to 12 h after infection, and were subjected to a CL assay. In nu/+ mice treated with SEA, the CL responses of PMNs, both the peak counts per minute and the CL index, were significantly higher than those in the control mice (Fig. 6) . However, no significant increase in the CL response of PMNs from nulnu mice with SEA was found. DISCUSSION It has been found that staphylococcal enterotoxins can elicit a variety of biological responses (1-3, 13, 14) . In addition to these responses, we examined the effect of also against infections with other bacterial or fungal species. Thus, it is conceivable that, in addition to the structure that it has in common with other staphylococcal enterotoxins, SEA may have an effector molecule, which specifically activates the mechanisms of resistance to microbial infections.
Concerning the effector mechanisms of the resistance stimulated by SEA, we examined the movement of peripheral leukocytes, the capacity of PMNs to generate oxygen radicals, the response of the spleen, and the role of T lymphocytes. In mice treated with SEA, a severe lymphopenia which lasted for 1 day was noticed. At the same time, a significant increase in PMN counts was noted, and the ratio of PMNs to lymphocytes in the peripheral blood was reversed. This phenomenon was found in other species of animals also, including monkeys (3, 16) and rats (17) . After challenge with E. coli, however, the peripheral PMN counts decreased rapidly, and no significant difference in the count was observed between the mice given SEA and the control mice, suggesting that some of the peripheral blood PMNs may be recruited to the infection site.
The capacity of peripheral blood PMNs to generate oxygen radicals was estimated as the luminol-dependent CL response of nonfractionated whole blood, in accordance with the approach of Kato et al. (6) , who found that the number of PMNs correlated closely to the photon counts in whole blood samples, and indicated that the majority of the CL emitted by whole blood samples was due to PMNs. The CL response of individual PMNs (CL index) derived from SEA-treated animals was significantly greater than that of those derived from a control. The increase in CL response of phagocytes closely correlated to the activation of killing activity against the microorganisms ingested by the cells (4 
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It is well known that SEA is a potent T lymphocyte mitogen (7, 11, 12) which induces gamma interferon from the cells (7) . The data presented here showed that SEA had a splenomegalic effect, and we observed a predominant proliferation of lymphoblast-like cells in the splenic tissues. In the immunofluorescence test, these cells were specifically stained with anti-mouse Thy-i but not with anti-mouse immunoglobulin G. These findings revealed that T lymphocyte activation by SEA took place in vivo. Furthermore, SEA was not effective against E. coli infection in athymic nude (nulnu) mice, in contrast to the potent efficacy in heterozygous (nul+) mice. Thus, it is suggested that T lymphocytes may play an important role in the SEA-induced resistance of mice to microbial infections.
In the present study, the treatment with SEB or SEC2 could not protect mice against E. coli infection, although they have mitogenic activity equivalent to that of SEA (17, 18) . The effects of SEA and SEB on the primary in vitro plaque-forming cell response of murine spleen cells to sheep erythrocytes are significantly different from each other (12) , suggesting that the immune response to some antigens subsequent to the mitogenic response to SEA may differ from that subsequent to the mitogenic response to SEB. The difference in the protective effects of SEA and other enterotoxins may possibly be explained by the above observation. This must be studied further in the future. In particular, elucidation of the role of T lymphocytes in the mechanisms of resistance to microbial infection that are stimulated by SEA should be of importance.
